Background and Aims: Immune checkpoint inhibitors (ICIs) exhibit significant clinical activity in patients with advanced hepatocellular carcinoma (HCC). This study explored whether tumor response to ICIs in HCC varies among different organs. Methods: We reviewed the data of patients with advanced HCC who had received ICIs. Patients with measurable diseases were enrolled. Organ-specific response criteria, adapted from RECIST 1.1 and immune-related RE-CIST, were used to evaluate the objective response to ICIs in tumors located in the liver, lung, lymph node, and other intra-abdominal sites. Results: Of the 75 enrolled patients with advanced HCC, 51 and 11 patients had chronic hepatitis B virus and chronic hepatitis C virus infection, respectively. Regarding ICI treatment, 58, 1, and 16 patients had undergone anti-PD-1/ anti-PD-L1 monoclonal antibody (mAb) alone, anti-CTLA4 mAb alone, and anti-PD-1 mAb plus anti-CTLA4 mAb, respectively; 20 and 55 patients had received ICIs as first-line or ≥second-line therapy. The overall objective response rate (ORR) was 28.0%. In total, 58, 34, 19, and 18 patients had measurable hepatic tumors and lung, lymph node, and other intra-abdominal metastases, and the corresponding organ-specific ORRs were 22.4, 41.2, 26.3, and 38.9%, respectively. Of the 39 patients who had both hepatic and extrahepatic tumors, 12 had disease control in extrahepatic tumors while progressive disease (PD) in hepatic tumors, whereas only 4 exhibited disease control in hepatic tumors while PD in extrahepatic tumors (p = 0.046, McNemar test). Of the 16 patients with only evaluable tumors in the liver and lungs at baseline, 8 had disease control in the lungs while PD in the liver, and none experienced disease control in the liver while PD in the lungs (p = 0.005). Conclusions: The hepatic tumors of HCC may be less responsive to ICIs than extrahepatic lesions. Lung metastases responded most favorably to ICIs. The mechanisms underlying this differential response to ICIs warrant further investigation.
Introduction
Significant progress has been recently made in systemic therapy for advanced hepatocellular carcinoma (HCC), for which the only indicated therapy was sorafenib before 2017 [1, 2] . Several phase III trials have demonstrated the significant survival benefits of regorafenib, lenvatinib, and carbozantinib in patients with advanced HCC [3] [4] [5] . Moreover, immunotherapy targeting immune checkpoints, especially programmed cell death protein 1 (PD-1)/ programmed death-ligand 1 (PD-L1) and the cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), has demonstrated significant clinical activity in advanced HCC [6] [7] [8] .
In a recent phase I/II clinical trial (CheckMate 040) testing nivolumab, an anti-PD-1 monoclonal antibody (mAb), in patients with advanced HCC with or without prior sorafenib treatment, the response rate was approximately 20%, and the overall survival (OS) among patients who had undergone prior sorafenib treatment was approximately 15 months [7] . Another anti-PD-1 mAb, pembrolizumab, exhibited a similar response rate (17%) in patients with HCC who had previously been treated with sorafenib in a phase II study (KEYNOTE-224) [8] . In light of these promising results, the US Food and Drug Administration granted accelerated approval to nivolumab and pembrolizumab for treating HCC in patients who had undergone prior sorafenib treatment in 2017 and 2018, respectively. Many other immune checkpoint inhibitors (ICIs), as monotherapy or in combination with other agents, are under active investigation for treating HCC.
Mixed responses have been occasionally observed in patients with solid tumors who received chemotherapy or molecular targeted therapy [9] [10] [11] . These mixed responses may have resulted from heterogeneous clonalities of tumor cells [12, 13] . The mechanism of action of ICIs is distinct from those of conventional chemotherapy and molecular targeted therapy. ICIs induce antitumor effects by reactivating exhausted T cells and thus rejuvenating antitumor immunity. Therefore, the differential tumor microenvironments of various organs may potentially influence the therapeutic effect of ICIs. Several studies have reported that patients with melanoma or renal cell carcinoma (RCC) experience mixed responses (i.e., metastatic tumors in one organ enlarge while those in another organ ameliorate or remain stable) to various types of immunotherapy [14] [15] [16] [17] [18] . However, such mixed tumor responses have not been reported in patients with HCC who received targeted therapy or ICIs. The objective of this study was to evaluate whether tumor response to ICIs in HCC varies among organs.
Patients and Methods

Study Population and Variables
We reviewed patients who were diagnosed with Barcelona Clinic Liver Cancer stage C HCC and received ICIs at 3 medical centers in Taiwan, including the National Taiwan University Hospital (NTUH) and Taipei Veterans General Hospital in Taipei and National Cheng Kung University Hospital in Tainan, between August 2015 and June 2017. Patients with advanced HCC who received either an anti-PD1/PD-L1 mAb, antiCLTA-4 mAb, or a combination of these 2 mAbs were identified and reviewed. Only patients who had measurable diseases and had subsequent image studies available for response evaluation were enrolled.
Clinical data were retrieved from the patients' medical records. The OS of the patients from the first ICI prescription date to either the date of death or the final follow-up date (December 31, 2017) was calculated. The data of patients who survived were censored. The time to treatment discontinuation (TTD) of the patients from the first ICI prescription date to the end date of the final treatment cycle was measured. This study was approved by the Research Ethics Committee of NTUH.
Response Evaluation
Before the ICI treatment was discontinued, the enrolled patients had undergone imaging studies for tumor response assessments every 6-12 weeks. Organ-specific response criteria, adapted from Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 and immune-related RECIST (irRECIST), were established to evaluate the heterogeneous responses of different organ systems to immunotherapy [19, 20] . In brief, in each organ system, measurable lesions were defined as lesions with a longest diameter ≥1.0 cm and lymph nodes with short axis diameter ≥1.5 cm. At baseline, a maximum of 5 lesions were identified as target lesions in each organ. Lesions of each organ were measured unidimensionally. The organ-specific complete responses (CR; complete disappearance or nodal short axis diameter < 1.0 cm on follow-up), partial responses (PR; ≥30% reduction), progressive diseases (PD; ≥20% increase), or stable diseases (SD; neither CR, PR, nor PD) Data are presented as n (%) or median (range). HBsAg, hepatitis virus B surface antigen; anti-HCV, hepatitis C virus antibody; AFP, α-fetoprotein; mAb, monoclonal antibody. 1 In total, 58, 34, 19, and 18 patients had measurable hepatic tumors and lung, lymph node, and other intra-abdominal metastases at baseline. Table 1 . Baseline patient characteristics were determined for each organ system. New lesions did not always indicate PD. The dimensions of any new lesions were added to those of the original target lesions to determine the total tumor burden [20] . The best response of the lesions in each organ during the study period was recorded. Confirmation of CR, PR, or PD was not mandatory but was obtained if subsequent assessments were performed. An independent radiologist (I.-L.S.) who was blinded to the clinical data reviewed the pretreatment and posttreatment images and measured the best response of lesions in each organ system.
Statistical Analyses
Statistical analyses were performed using SAS statistical software (version 9.4, SAS Institute Inc., Cary, NC, USA). The OS and TTD of patients were estimated through the Kaplan-Meier method. The differential responses between different organ systems were compared using the McNemar test. The survival between patients with or without differential responses was compared by using the log-rank test. Two-sided p values < 0.05 were considered statistically significant.
Results
Patient Characteristics
We identified 95 patients with advanced HCC who received ICIs between August 2015 and June 2017. Among them, 16 patients who did not have subsequent imaging assessments to evaluate tumor responses and 4 patients who received ICIs plus other targeted therapy were excluded. The remaining 75 patients were included in this retrospective analysis. The baseline characteristics of the included patients are listed in Table 1 . The median age was 59.0 years, and the majority were male (82.7%) and had Child-Pugh class A liver reserve (90.7%). Furthermore, 51 (68.0%) and 11 (14.7%) patients had chronic hepatitis B virus (HBV) or chronic hepatitis C virus infection, respectively. Overall, 20 patients (26.7%) received ICIs as first-line treatment, and 53 patients (70.7%) had received prior sorafenib treatment. Regarding ICI treatment, 56, 2, 1, and 16 patients received anti-PD-1 mAb, anti-PD-L1 mAb, anti-CTLA4 mAb, and anti-PD-1 mAb plus anti-CTLA4 mAb, respectively.
Treatment Efficacy and Organ-Specific Responses
The objective response rate (ORR) according to RECIST 1.1 was 28.0%. The median OS was 11.8 months (range 0.7-29.3). The median TTD was 4.7 months (range 0.5-23.6; Fig. 1 ). As of the final follow-up date (December 31, 2017), 13 patients remained on ICI treatment, and 11 of these patients exhibited ongoing tumor responses. Overall, 58, 34, 19, and 18 patients had measurable hepatic tumors and lung, lymph node, and other intra-abdominal metastases at baseline, respectively; these patients were subject to organ-specific response evaluation (Table 1) . Regarding intra-abdominal metastases, 10, 5, 2, and 1 patients had peritoneal, adrenal, splenic, and subphrenic metastases, respectively. The median size of the tumors measured in hepatic tumors and lung, lymph node, and intra-abdominal metastases was 2.4, 1.6, 2.1, and 2.6 cm, respectively. Organ-specific ORRs of hepatic tumors and lung, lymph node, and intra-abdominal metastases were 22.4, 41.2, 26.3, and 38.9%, respectively ( Table 2 ). The median time to response of hepatic tumors and lung, lymph node, and intraabdominal metastases were 4.1, 4.1, 2.6, and 3.5 months, respectively. Figure 2 presents the best percentage change in tumor burden relative to that at baseline in different organ systems. The majority of patients (68%) were HBV surface antigen reactive. For patients with HBV-related HCC (n = 49), the organ-specific ORRs of hepatic tumors, lung, lymph node, and intra-abdominal metastases were 23.7, 38.5, 23.1, and 44.4%, respectively, which were similar to those of the overall cohort of 75 patients. In terms of regimens of ICI, 16 patients received combination therapy with anti-PD-1 mAb plus anti-CTLA-4-mAb. After the exclusion of these 16 patients, the remaining 59 patients who received monotherapy had organ-specific ORRs of 14.6, 40.0, 18.8, and 25.0% in liver, lung, lymph node, and intra-abdominal metastases, respectively. This pattern of response rates, with the lowest response rate in liver and highest in lung, was comparable to that of the overall cohort of 75 patients.
Patients with Organ-Specific Differential Responses
At baseline, 39 patients had both hepatic and extrahepatic tumors. Among them, 16 (41.0%) exhibited differential responses to ICI treatment; 12 patients had disease control (CR, PR, or SD) in extrahepatic tumors while PD in hepatic tumors, whereas only 4 patients exhibited disease control in hepatic tumors and PD in extrahepatic tumors (p = 0.046, McNemar test; online suppl. Table S1; see www.karger.com/doi/10.1159/000501275 for all online suppl. material). The baseline median hepatic tumor size was smaller in those 12 patients with PD in the liver (2.0 cm, range 1.0-15.0) than those 4 patients with PD in extrahepatic sites (3.0 cm, range 1.1-8.1). Among the 39 patients with both hepatic and extrahepatic tumors at baseline, the median OS in those with differential responses (n = 16) and those without (n = 23) was 7.3 versus 10.5 months, respectively (p = 0.301, log-rank test). Moreover, in 16 patients with only evaluable hepatic tumors and lung metastases at baseline, 8 had disease control in lung metastases while PD in hepatic tumors, whereas none experienced disease control in liver tumors and PD in lung metastases (p = 0.005; online suppl. Table S2 ). Figure 3 shows representative cases of such differential responses to ICI treatment.
Discussion
We retrospectively analyzed the data of 75 patients with advanced HCC who received ICIs and found that the tumor responses to ICIs varied significantly depending on the tumor site. Specifically, we found a favorable tumor response in lung metastatic lesions and a less favorable tumor response in hepatic tumors.
The heterogeneous tumor-immune microenvironments of various organs and the distinct gene expression profiles of various tumors of different patients may influence tumor growth as well as the responses to anticancer treatment [21, 22] . Although a previous study exploring tumor-infiltrating immune cells, including CD8-positive T cells and DC-LAMP-positive dendritic cells, reported that the densities of these immune cells were similar in the primary tumors and pulmonary metastases of colorectal cancer and RCC [23] , other studies have demonstrated different immune contextures, such as CD8-positive T cell density or PD-L1 expression level, in paired primary and metastatic RCC and lung cancer specimens [24, 25] . In our recent study, we found that PD-L1 expression in HCC tissues was not significantly higher in metastatic HCC tissues than in primary HCC tissues (online suppl. Fig. S1 ) [26] . Additional studies are required to comprehensively characterize the genomic, transcriptomic, and immunologic features of HCC tissues in different organs.
Mixed responses to immunotherapies other than ICIs have been observed in other solid tumors, mainly in melanoma [14] [15] [16] [17] . In a subgroup of patients with metastatic melanoma treated with pembrolizumab in the KEYNOTE-001 phase I clinical trial, individual lesions were analyzed; lung lesions were found to have the highest rate of CR (42.3%), followed by peritoneal (37.3%) and liver (24.4%) metastatic lesions [27] . In another study analyzing patients with melanoma or non-small cell lung cancer (NSCLC) who received pembrolizumab in several clinical trials, decreased response rates and shortened progression-free survival were observed in patients with melanoma and NSCLC with liver metastases compared with those without liver metastases [28] . The response patterns reported in these studies are compatible with that in our study for HCC.
The liver is a unique organ that is constantly exposed to various antigens released from the gastrointestinal tract. Consequently, many cellular or molecular mechanisms are involved in maintaining the tolerogenic microenvironment in the liver [29, 30] . For example, preclinical and clinical studies have demonstrated that the liver-resident macrophages, Kupffer cells, have been shown to induce T cell suppression [31, 32] . Other immunosuppressive cells, such as regulatory T cells, tumor-associated macrophages, myeloid-derived suppressive cells (MDSCs), and hepatic stellate cells and hepatocytes, together render an immunosuppressive microenvironment in the liver [30] . A previous study showed that for HCC patients who received systemic chemotherapy, the ORRs of patients without intrahepatic disease tended to be higher than those of patients with active intrahepatic disease [33] . In our recent preclinical study, we found an increase in MDSCs and other immune suppressors in orthotopic liver tumors that progressed after sorafenib treatment, but not in subcutaneous tumors; in addition, targeting MDSCs with anti-Ly6G antibody enhanced T cell proliferation and the therapeutic effect of sorafenib in orthotopic liver tumors [34] . How to overcome the unfavorable immunosuppressive mechanisms in the microenvironment of the liver to improve the efficacy of immunotherapy warrants future investigation.
Imbalance between pretreatment tumor burden and T cell reinvigoration may lead to treatment failure of ICIs [35] . Based on the data of patients with melanoma who received pembrolizumab in the Keynote 001 phase I clinical trial, smaller tumors at baseline were associated with higher ORR and longer OS [36] . In another phase I study testing avelumab, an anti-PD-L1 mAb, in patients with metastatic urothelial carcinoma after failure of platinum chemotherapy, exploratory subgroup analyses also suggested that patients with smaller tumors at baseline had higher ORRs [37] . In our study, the median size of the measured hepatic tumors was numerically higher than that of the measured lung lesions (2.4 vs. 1.6 cm), and the organ-specific response to ICIs was lower for hepatic tumors than for lung lesions (22.4 vs. 41.2%). However, intra-abdominal lesions, which had the largest median tumor size (2.6 cm) in our study, also exhibited a favorable organ-specific ORR (38.9%). Additional studies are warranted to clarify whether tumor burden affects the efficacy of ICI treatment in HCC and other cancers.
Our study had limitations. First, our study was retrospective in nature and the sample size of those with both hepatic and extrahepatic tumors was small. Our findings need validation in prospective and large studies. Second, we did not employ modified RECIST (mRECIST) to evaluate hepatic tumor responses, thus ORR in liver tumors might be underestimated [38] . However, we consider mRECIST is more suitable for evaluating HCC patients who received antiangiogenic therapy, and most recent clinical trials testing ICIs in HCC use RECIST 1.1 or irRECIST irrespective of tumor location. Third, the patients in our study were heterogeneous in terms of regimens of ICIs received, dosing schedule, prior systemic therapy, and frequency of tumor assessment. Whether these factors influence the organ-specific differ- Fig. 3 . Representative images showing differential responses in different organ systems. a, b Two patients had regressed lung metastases but progressed hepatic tumors after treatment with ICIs. c Another patient had regressed lung metastases but progressed splenic metastatic tumor after treatment with ICIs. Left and right panels display image studies performed before and after ICI treatment, respectively. Arrows point to tumor sites with differential responses. ential responses to ICIs is unclear and can only be addressed in a study with a more homogenous cohort. Finally, the mechanisms of organ-specific differential responses to ICIs were not explored in our study. It is inherently difficult to collect tumor samples from multiple organs of the same individual, especially simultaneously. Employing different preclinical models may help, at least in part, to determine the potential cellular and molecular mechanisms.
In conclusion, we found organ-specific differential responses to ICIs in patients with advanced HCC. HCC in the liver may be less responsive to ICIs than were extrahepatic metastases. Lung metastases exhibited the best response to ICIs. The underlying mechanism warrants further investigation.
